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Comglex industr ia l  aopl i ca t ions  o f  robot ic manipulators are beyond the capabil i t i t s  o t  tne r e l a t i v e l y  
simple constant-gain 1 inear control systens coaMnly used for current i ndus t r i a l  manipulators. They 
compensate poorly for the noni inear dynamic cnarac te t i t t i cs  o f  manioul ators and Changes. 
This paper presents the dcvelopcnt  o f  an adaptive control algori thm w i c k  adjusts. i n  real  ti-. the 
control system ~ r a w t c r s  t o  compensate for manipulator nonlinear charac ter is t i cs  and changes i n  I t s  
e n v i r o w n t  and payload. Experimental resul ts are alsa presented for two devices nhich show t h a t  the 
a l g o r i t t n  i s  p rac t ica l  and capable o f  producing signi  f i can t l y  improved systems d y n r i c  per fomnce.  

e n v i r o m n t a l  

Introduc tl on 

current coaerc la l  manipulators use reh\at ively 
stogie constant gain l l nea r  feedback control 
syscems. 'u t i le  s u n  control  system are reliable 
and easy to inolncnt and bcsign, mlr 
perfommcr i s  rather llaittd. They crmpensate 
poorly fo r  the nonllnear n rn luu la to r  character 
and are sensi t ive tn m r i r o m e n t a l  cnanges, 
ncchanlcal f l e x i b i l l  t y  and actuator l l a l ta t lons .  
~cnce. many c m l e x  i ndus t r l a l  aop11catlons are 
beyond me capabil i t f e s  o f  current indus t r la l  
robot ic lornipulators iNatIona1 Rcseach Council]. 

A key to improved manipulator pcrfonunca 1s the 
devalo-t o f  be t te r  control  algorlUrs. In 
recant yews. researchers have proposed a n u k r  
o f  control methods mat my sues tan t ia l l y  ipprore 
s y s f n  pcrfommce. However, meir v a l u  i s  

simulation, and only for Ideal ized sysca r  that 
may f a i l  to consider i w r u n t  system factors 
wklch l i m i t  and degrade controt system 
perfornance. These factors includ. manipulator 
f r l c t lon ,  sensor mlse. unknoun systea parameters 
ana dlstuminces. In t h l s  paper M adaptive 
control a l g o r l t m  for the motlon control o f  
rooot ic manipulators i s  presented ~ I c n  has been 
shorn by simulatlon m slgnf lcant ly imgrove 
system perfonunce. Exwr iaenta l  resu l ts  are 
presentad a r c n  amonstrate the v a l w  o f  the 
a l g o r i t t u  on a laboratory robot ic  -Ice me a 

d1lWSt alWyS d a o n S U a f M  a M l y t l C a l l y  Or by 

C m i d l  lwnlpulafor SyStcll. 

1 l t e r a t u r t  

Many of the awnaches suggested for l l g r o v a d  
mtfon control are b a u d  on e x p i i c l t  
representations of the aanluulator's nonltnerr 
dynimics used In a f cad fo rwrd  mner [Raibert 
and Harn,l9781.L1nerr feedback I s  pmvidcd to 
c a o e n u t e  for podel errors and disturbances. 
Nonlinear feebbrck control  laus have also been 
proposed [Frame, 1982; ~ u h ,  Ualker and Paul 
19801. Oot t lu l  control  theory has been applied 
l lnear lzed nmlpu la ta r  models [Kahn and 
Roth,19711, md more recent ly to manipulators 

w i t h  ful l  nonllnear dynamlcs [Bobrow. Dubowsky 
and Gibson, 19831. h faportant aspect  of the 
above control  aopmiches I s  t ha t  fney reuulre 
accurate dynamic models of the nrnlpulator unicf l  
are often d i f t l c u l t  to oetain. A a ln lpu la to r ' s  
dynwic eekavior w i l l  vary over t l ae  d w  to U K A  
factors as vara i rb le  j o i n t  f r i c t ion  and payload 
mass. 

Adaotlve control  techniques have been pmmM 
nhich d t t m p t  to adjust control  system 
ckaracter ist lcs to commnute for chnpim) 
dynamic p roowt i cs  based on measured per forunce 
rather man a de ta i led  knowledge o f  me 
manipulator dynamics. U i th ln  adaptive control 
there are QIIO fundmental aoumuhes. The first 
I s  Learning W e 1  Xdaotive Control (LWAC), i n  
nhlch an improved nobe1 o f  the manfoulator i s  
obtained by on-1 ine parameter i den t l t i ca t l on  
techniques [Koivo ana Guo.1983). ana i s  then utea 
In  me feeaback control  o f  raanipulators. The 
second approacn i s  ca l led  Model Referenced 
Adaptive Control ( n U C ) .  The control1cr 1 1  
aausted 50 mat the c l o w d  loop btnavior of a 
system munes that o f  a preselected model 
dccordlng to soae c r i t e r i o n  [Landau, 19741. It 
1s w s s l b l e  to M v e  adaptatton schemes vcIicn 
clnuloy asoects o f  both approaches CLeBorgne, 
Ibarra, ana E~ptau 19811. 

The manipulator mode\ assumed i n  an d a o t l v e  
control agpmuh my raqe frm a r e l a t l v e l y  
sfngle l l n e a r  u n c o ~ l c d  d i f t e r c n t l a l  equation 
[Dubowsky and Oesforges. 1979; KO~VO,  19831 m 
more c a p l e x  models o f  the nrnlpuiafor eynwics  
[Vukoerafovlc md Klracanski 19821. For nigk 
speed manipulator motlon o r  controi In task space 
there may be s l g n l f l c a n t  dynmic c o u p l l q  beomen 
tne jo ln ts  unlch sug est  nul t- input-mil  t i -ou tpu t  
(MIMO40) approaches qrakeqakl and A r i m o t o ,  19811. 
However, studies have found that uncoupled 
s i  ng 1 e- i nput- s l  ql e-output ( 5 IS0 1 a1 gori t h s  can 
handle dynamlc i n ta tac t l on  without s lgnl  f i c a n t  
Pcrfornancr degradatlon [Koivo and b o .  1983; 
LeBorgne, Ibarra me Esolau. 19811. Mao t i ve  
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‘ a l g o r i t k s  h v e  been p r o r n ~ d  for a rn iou la to r  

control d e n  employ non-adaptive nonl inrap 
Control  in addition fo adaptation [Lee. ChimJ and 
Lee. 19841. 

nsuC a l g o r l t t n  can M developed in several wyr. 
One C ~ M  awmr!t m l f e s  on a global s t a ~ l l f t y  
tncorem. sucn as Popov’s W r s t a b l l t t y  Th.orm. 
[Hororiu and Talzuka, 19801. S o w  WAC 
a l g o r i t m s ,  based on m i l  agD+orcn, are unstable 
i n  uract ica l  aopl lcat lons dua fo unnodellrb 
highar order dynr ics  and sensor notre [ R h o n .  
19631. In t h i s  w r k  nIM0 a l g o r i f h s  we 
developed by aoolyrng the ntnod of Steemst 
Descent to niniaittng a cost  function o f  trio 
error  betmeen the m a e l  and fh. systaa. 

Anal Weal  Devel o p . n t  

The mnlpu la to r  d y n r i c s .  including i t s  control ,  
can be described by me nonl inear differenttal 
equa ti on; 

i - &(z* a* c. 9) (1 1 

utteres i s  the system state vec todx  .... x,,). - z i s  a s y s t a  parmetar vectorto, ... am). - r i s  me  l n w t  vcctor(1 ...5 I . and - d i s  1 disturbance v=&(~J ,.-.$). 

The% vector i s  a function of x, and the control 
matrix, K ( t ) .  rkicn i s  adjusfcd by the adaotlve 
algoritrr. The node1 state e w i t l o n  for  me 
system to track i s  u i f t a n  as: 

L = $!r. &* 5) (2 1 

A c r e  y i s  the m e 1  s t a t e  vator fy  ....yn ) 
2 1s a nodel parameter vector? a,.... a,,, 

The error be- m e  rasoonu o f  the model 
me systea i s  defined by the vector: 

( 3  

The objecf lve o f  the a l g o r l f h  i s  to manlp 

get, = ret, - - x ( t )  

an6 

and 

I ate 
K (  tl and hence Q, i n  suck a uay as to dr lve  & t) 
to zero, and m e m y  rutcn the system response to 
that  of me model ( i .c.  a - 31, mglectlng 
unrOd.tlwi disturbances. me - *e lop.nt  uses 
the method of Sens l t l v i t y -S tng .s t  Rescent 
CDonalson and Leondes, 1963; 8rog.n. 19741. 
Thls method uses me parmeters of tk. model 
rather man me system. nencr, it i s  
c m w t a t l o n a l l y  less butdmsaae thu, methods 
vklcb cvalwta cnmpiex. nonlimir aad.1~. I t  has 
a l so  btm shown m h v e  very good noise reJect1on 
properties [Pawdopoul os. 1983 I. 
In t h i s  metnod, r xr l rr  cost function i s  
foraulated as: 

( 4 )  
T V(C) = 112 a 9., 

where 0 i s  called me adaptive gain m t l r x .  The 
change o f  Q in  time, suck that  V ( 2 )  moves a l o q  
the steepest descent path to a a i n i u  fs g l v m  
bv : 

*here i s  an n by Q matrix whose f .j e1-t 

1s 3ei/acr; 0 i s  an n by n synwtric cutrln. and 
k i s  a W s f t i v e  scalar purnt i ty.  HdYver, th. 
par t ia l  der ivat ive 3 e / e  in  equation ( 5 )  cannot 
i n  general be c a l c l l a t e d  [Oonrlson, 1963; 
Oubornky and OesForges. 19791. It i s  
ape rox iu t td  as follow: 

The n by n matr ix A. ca l l ed  the sens i t i v l t y  
m t a r t x ,  can be obtained from the w r t i a l  
der ivat ive of cquatlon (21 w i t h  r c s o u t  to a as 

Assu ing  m a t  axlag dCa /aa jdt and 
s d s t i t u t l n g  me * f i n1  t l o n  o t  n-irom equation 
(6 )  Into epuation (7 )  yiel6s the matr ix 
s e m i  f l v i t y  cauatlon: 

The adaptlon lau, equatlon (5 ) .  can be nittan: 

V ( @  h r  the aoaearance of a L y a ~ n o r  function 
and [Paodornulor. 1983; Brogan 19741 hare 
suggested m a t  mis f a c t  can be used to show mat 
VI. method leads to a stable design. The 
stabil  i t y  o f  the method has been investlgatod for 
the continuous fiae case [Oubonky and Desfoqes. 
19791 and me elscrct. flaw case, including me 
effects o f  caputatlonal delays [Dubomsky. lOe11. 

Given  4.  from a q u t l o n  (91, and assumfng that tho 
unknown p r r a w t e r s  of 01. s y s t a  ctunge slowly. 
it i s  possllb. to solve for the tine rate o f  
change of me contro l  gains r e ~ ~ l n d  to s r t l s f y  
equation ( 9 ) .  as seen in m e  following 
aoolicalon. A block dlaqram, Fig. 1. 
i 1 1 usfratas the above a1 gorl fh. 

Consider me tm d q r c t o f - f r e e d m  robotic 
posi t ioning device $nom fn Fig. 2. The closed 
loop system state eOuatlon,(l), for frits device 
can be w r l  ften as: 
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The model selected 1s that o f  a l fnear  constant 
coeff lc lent  dynaalc systea, or: 

Chooslng 6 3 s  a4* a5 and a6 to ba 28rO. the nodel 
Becomes uncouolad. The a0d.l tu zero elements 
i n  locations Irllcm th8 system do0 not. due fo 
i t s  assumed drcouoled structure. On8 o f  the 
tasks o f  fl\. adaptive algori tm i s  to change me 
k ' S  and k,'S 1s 1 f u K t l O n  Of th8 fo as fo make 
des8 terns aaproaCR clro, uhilc luklng fhr atnrr 
terns approximate the selected model constants. 

F ig .  1. Y1I.W Adaptive Algorithm. 

I t  i s  not always possible to do t h i s  exactly, but 
only i n  a manner In *nicR V(z) will be ninimiud.  
The vacmr o f  salcctcd model pirawtars I s  

5 [&I* z2.2. i3. 4, %* 4 9  t7.7' S I T  ( I 3 )  

Using equation (12) to evaluate equation (8) 
resu l ts  In  me folloulng matr ix w n s l t i v i t y  
equrtlon: 

0 1 0 0  0 0 0 0 0 0 0  

. \ =  1 7  '2 -k y z  YJ"z y4 ' 
O O O l  i ) o o ! ~ o o a  
0 0 4, 0 0 0 0 Yl"1 I2 Y,'Yt 

The msponse o f  the model from the soluffon of  
equatfon (121, to any Input becomes the forclng 
terns In  cquatlon (14). The solution o f  cquation 
(14)  yie lds  a ( t )  W c h  can be usad I n  cquatlon 
( 9 )  w i t h  the measurw errors to f fnd &t). 

f i n a l  task i n  me.aopl icat lon o f  me algori th  1s 
to calcuiate the (,it) l n l c n  r i l l  produce the 
48Sirab d tl. 

u- 
F i g .  2. Two Degree of Freedom Robotic Posit ioning 

Following tDonalson and Leandes. 19631, It f s  
assu.d  that  me pitameters o f  fh. system. me 
a' 5'.  change slouly as c-red to fh. aarptlon 
process. It us been snom tlut while mis 
a s w t g t i o n  1s usaful In d.vdoo1ng t h i s  t o r r  o f  
adaotive algor i th. .  i n  practlce, It i s  not 
necessary for  adrqrute pertomanee o f  the 

tR ls  assumption and tM rsurgtion that fM 
adaptlv8 a l g o r i t m  causes tM systea p u m s  
to -In close to me nodel, d l f f 8 r e n t i a t l q  
(11) yields: 

Dev i ce . 

- 

dlgOti th  [DubMky and 08SfOtg8S.  19791. 

These equations can be Integrated forward in tiw 
to obtain m e  t h e  varylng fttdbacr galns fo r  me 
system rh i ch  a l l o n  it m fol low me m a v i o r  o f  
me selected model. 

The r l g o r i t m  eouatfons *re put in discrate horn 
fo r  d i g i t a l  comouur imolcwnutlon as describ8d 

to the a l g o r i t h .  m arde for use in th. 
experfmental studles. Ttte d y n v l c  couvliq 
befmn j o i n t s  was mglected and slnple viscous 
d a p i n g  r ~ s  assumed as each joint. The 
con t ro l l e r  a t  eacn joins provides Ptoportlonal 
plus Der lvat iv8 (PO)  control. Following m8 uw 
procedure a Proport lonal Integral Der ivat ive 
IPID) M A C  was also develo l h 8  PI0 SttUCWre 
used was the 'PDF. type Kim. 19771. In fh8 
expr imenu1 a lgor i ths  Q was chosen 50 mat 
there uwe no couol8d tcms In V(e) and hence 
only tno adaptive g r lns  mad.d m be consldered 
for each joint.  These gains were 401 and qvl. 
The e l u e n t s  o f  Q can be r l t t m  as cabinrtlons 
o f  mu f*o. 

i n  [Dubonky, 19811. AdditlOnal Simt I f l C l l t l O n S  
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The a l g o r i m s  e r e  %st& on t W  d i f fe ren t  
devices. One ,das a zm ayree-o f  freeam rotary 
pos i t ion ing device ( s e t  Fig. 2 ) .  The other uas 
a PJMA 350 roootic nanipuiator (manufaczurea by 
Unimation inc.; see Fig. 31. The two systems 
are auite similar. 30th have geared revolute 
jo ints  driven by 3C servo-motors d i c n  are 
powered by current iourzs anal og mu1 i f iers.  The 
dynamic praoerties j f  2otn systems e r e  
ae ten incd  from dyoamic tests. Also. 3 0 t h  use 
oot ica l  encsaers aountra on t-e notor  snatts t o  
provide posi t ion m a  .reloci ty information. The 
onc3aer 3UtJUtS  are 2assea to a c i r c u i t  wnicn 
conver'.s the encoaer pulses to a sixteen-pit 
positon count f o r  'he c o n t r o l  Cornouter. The 
ampl i f iers  a r e  cc.manaCd using dn aignt -b i t  
d i g i t a l  signal tnrougn a D / A  converter. X 
POP-lli23 minicolnoutcr i s  usee to control  me two 
OOF posi t ion ing aevice. The JUMA was control lea 
v i t n  an I n t e l  3086 aic3rDrocessor w i t n  an 3087 
f loa t ing  po in t  Drocesmr. i n  conjuction w i tn  an 
:ntel ICE 30 development system. 

The control s o f t w r c  for  the Dosit ioning device 
was prograrrmea i n  a!44iXO-ll assemly language f o r  
fast  execution. The samoling times f o r  me 
exuerirnents e r e  Sms for  me PO nRAC and 7ms f o r  
the ? I D  MRAC algorithms. For tes ts  i n  d i c n  me 
tw axes were run simultaneously, m e  sampling 
times e r e  twice as long. The PUMA a lgor i t tas  
'were programed i n  PLY86 ana :-en asremalea in to 
a086 assemoly language. The ?!I sMAC algori tn  
required 2.3ms f o r  sxecution. ana m e  P I 0  form 
required 4.Jms. 30tk systems used reference 
models wi tn  a banawidtn of 13 raa/sec fo r  Po 
control. The moael m - t d w r a t n  was selected to 
el iminate any perfomance degraaations due to 
sampl ing time ana a c t i d t o r  mol i f i e r  saturation. 
The P!3 moael *as % l i r a  order ana 4 s  cnosen to 
have 1: oversttoot ana me same saturat ion step 
size as m e  PO aoael . 

Fia.  3 .  9UNA 900o~ic uanioulacor. 
Simulations o f  30th the taale and the robot under 
adaptive control  e r e  run i n  conjunction w i t h  tne 
exoerimental work. The dynamic ,mael a f  3otn tnt 
taole and the robot e r e  derived assuming r i g i d  
1 inks using Lagrange' s formulation. 

Exoerimental and Simul3tion 9esul 

The gains used f o r  the adaptation mechanism, the 
0 mattis, were bounded by s tao i l  i t y  analysis. 
This analysis was also helpful  in  select ing the 
values for good performance. Then simulations 

me the exoerimental ;ystm i t s e l f  mere usad to 
ootimize me a1 30r i  em's gvfonance.  

Fi3. 4 shows exptr imental ly measur5a fetabrck 
gains adaofi-g for several sets o f  aaaotive 
gains. I n i t i a l l y  me value of tne m s i t i o n  
feedback gain, for  d , ,  1 i s  5 times lowr 

the r e l a t i v e l y  wide range 3f Q walues, me 
Jaaotation can ae seen to De aui te e l l  benavea. 
:n 311 w e t  cases dciz i s  close t3  i t s  f i na l  
aaaoted value 3efore the second carrier o f  the  
7 r o f i l e  OcCUrS. The ;OSitlon and ve loc i ty  e r r o r s  
' e r e  reaucea 5y 3n order sf aagnituae d i t e r  me 
f i r s t  Cycle. The gains i n  Fig. 4 do not  
converge eo woctse ly  .ne same value ana 
o s c i l l a t e  aDout tne average value. This e f f e c t  
i s  due t o  me w n l i n e a r i t i e s  i n  m e  pnysical 
system, suck 3s f r i c t i o n .  

1 

I 

As *it% nearly a l l  x iaot ive algorithms. the 
ay-amics o f  m e  iaaot ive  nunanism w o  functions 
o f  m e  i n i t i a l  mramel,zv w r o r s  and m e  input. 
This algoritnm is not rery sensi t ive to the 
i n t i a l  9aramectr e r r o r  as c3n 5e seen i n  Fig. 5. 
Yere. diaely d i f f e r i n g  i n i t 1 3 1  gains are used 
rosul t ing i n  defy d i f fe fenr  ,nitid1 dynamic 
Idr3met?rs. The aoaotatlon o f  m e  j o s i t i o n  3ain 
douears dniforn I n  snaoe and speed. 

r\ 
38. t \ 

:a. W 
I 

a. J 

a. a 
r i g .  5 .  Effect o i  i n i t i a l  2arameter ermr on the 

aeaotation o f  Jo in t -2  for a step input 
comnand p r o i i  le.  

3-a m c  :*I a. a I. a 2. a 
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The adaptation ~ n s i t f v l t y  o f  me systca m me 
inuut's forr  ana magnitude a s  a l s o  investigaml. 
The nrgnitude o f  th. fnwf can tuve a suosunt ia l  
e f f e c t  on me adaptafton pertomrnce. As sham 
in  Fig. 6, decreasing tk. input step size ,  H, by 
a factor o f  two slows adaptation s igni f icant ly.  
This e f f e c t  can Be-elminrt.d by nornr l i r rng  0 to 
the mgn i tud .  o f  me input. Dur exper iaenul  and 
sirnulation resul ts also confirm m a t  the gains 
can be nornalizad for a ramp input as w e l l .  T ~ Q  
sens i t i v i t y  to rne f o m  o f  me input 1s more o f  a 
proolem. This i s  fundawntal to adaotlve 
control. To overcome u l i s  p r o o l n  me use o f  
soccial learning signals has been suggested 
CDubonky ana Oesforges.1979]. Since many 
traJecmry planners use IOU order polynomials and 
ramps for  posi t Ian reference inputs, i t  may a lu ,  
be possible to nornallze 0 f o r  these functions. 

3.' 7ma i r c  8.8 1.8 2 8  

6. Effect o f  input lraqnitude and wnna l i ra -  
t i o n  on t h e  aaaotation o f  j o i n t - 2  w i t h  
s teo comnand profile. 

After select ing the values for 0, tne 
exoerinental system was used to test the 
performance o f  me device under rather estrcw 
conditions. Fig.7 snon an example o f  me 
performance o f  tne f i ~  ax is  d e n  d ldrge payload 
was added causing the effect fve i n e r t i a  o f  tne 
axis to puadruole. Using feeaback gains set  for 
the device w i t n  no payload. a large overshoot i n  
the sys tm resoonte results. This resoonse i s  
aui te d i f fe ren t  from me reference model rh icn  
h a s  'Jetn selectel  to  be c r i t i c i a l l y  dampea. The 
system resoonse has 3-n c lea r l y  degradeo. The 
adaptive control enaoles .ne sys tm 3 conforn to 
me nodel by me end o f  tne f i r s t  seep. A 
s i m i l a r  case for a ram0 input i s  shoun i n  Fig. 
8. Here tnc perfonnance of the systca with 
ddaotdtion i s  corrected before me f i r s t  is 
reacnea. 

a m  

m a  

am 
4 .m 1 
4.a ' I I 

am 1.8 2 8  3.8 T B a r r ) L #  
Fig. 7. PD control for j o in t -2  (w i th  an add@ 

Day1 oad 1. 

1.m 1 

-a= 1 1 

Fig. a. PO control f o r  j o i n t - 2  (ramp c o m n d  
o m f i l e )  rcith a payload added. 

Fig. 's  8 and 9 are for the motion o f  a single 
axis. For many robot ic systems (Cartesian 
designs being a notable exception) the dynamics 
o f  eacn axis are highly couoled. T h i s  fact  i s  
true even for me re la t l ve l y  s inole b o  OOF 
system use4 in mere tests. To experimentally 
investlgate me adaptive control a l g o r i t k '  s 
a b i l i t y  to to le ra te  and compensate For t h i s  
couoling, a test case was tun in whicn axis 1 urs 
mounted v e t t i c a l l y  ana I payload bar w i t h  weights 
a t  eack end was muntea on to axis 2; w i th  the 
bar i n i t a l l y  ve r t i ca l  (the a l n i m u  i n e r t l a  
configuration far j o i n t  1). Joint 2 was 
C-andea to move ?me payload bar to a horizontal 
posi t ion (me maximu ine r t l a  conf igurat ion for 
J o i n t  11 w i tn  a ram pro f i le .  A t  tne same tiM 
j o i n t  1 was comnanaea to follow a ramp p r o f i l e  
witn an a m ~ l i t u a e  of .Srad a t  .Srad/s. During 
t h i s  naneuver tne ef fec t i ve  i ne r t i a  varies from a 
m i n i n u  to a iaxinnm sinusoidally. Fig. 9 snon 
the performance for t h i s  axis. Yltnout 
adatatation Sign i f i can t  overshoot can be seen 
while me resoonse w i t n  aaaption c losely f o l l o n  
t h e  model. The maximu pori tlon error between 
the systen ana me m d c l  i s  2 1/2 times larger 
for  the nonaaaotive case. A t  the same time me 
11 *a is  i s  aaaoting, we $2 axis i s  adapting for 
me iddeo payioae. The resoonse for t h i s  axis i s  
nearly ident ical  to the single ax is  r e s u l t  show! 
i n  f i g .  8. The error between the system ana me 
-ode1 f o r  me $2 axis i s  snow i n  Fig. 10. Fig. 
11 snon simulat ion resul t s  fo r  t h i s  case. 
Comparing these resu l t s  Fig. 9 c lea r l y  s n o n  me 
a b i l i t y  o f  me simulation to pred ic t  me 
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Fig. 9. Experimentat perfonnance PO control  of -. - 
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j o i n t -2  f o r  mu l t i -ax is  t e s t  case. 
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exgarincrrtal r e s u l t s  men i t  i s  D a w  on 
accurately measured data.  

a 1s 

-L im x- 
91 i. a 2.1 %@srqcal* 4.8 

Fig. 10. PD control on j o i n t - 2  fo r  multi-axis 
test case.  
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Fig. 11. Simulation ierfonnance of PD control on 

mnoael1 ed d i  sturbances.  such a s  grav i t y  and 
j o i n t  f r i c t i o n ,  can d q t a d e  manipulator 
perfonance.  In the above exuer iamta l  r e s u l t s  
t h e  j o i n t  f r i c t i o n  *as mOdel1ed and used as a 
dynamic f e t a f o r w r d  s ignal .  However, i t  is not 
a l w y s  Dossible to accurately compensate for 
j o i n t  f r i c t i o n .  Integral  adaptive cont ro l .  the 
P I 0  a1 gori uag *as invest igated as  an a1 ta rna t ive  
to the feeefowrd  aOpmach. f i g  L2 shgn  the 
perfonance  o f  the PO without f r i c t i o n  
comuensation as i t  i s  used ta adapt to a payload 
change. A l a r g e  rready s t a t e  error results. 
Fig. 13 skous me saae case w i t h  PI0 control .  
Th i s  p e r f o n a n c e  c lose ly  matches the nodel, 
having no steady state e r r o r  a s  well as  a f a s t e r  
s e t t l i n g  time. I t  would appear that this tom of  
adapt ive control o f f e r s  s i g n i f i c a n t  advantages in  
cases  when j o i n t  f r ic t ion  i s  d i f f i c u l t  to model. 

Fig. 14 shows the r e s u l t  of grav i ta t iona l  
disturbances.  Here a very l a r g e  unoalanced 
payload nas attached to axis  2 ana ax is  1 was 
t i l t e d  so t h a t  g rav i ty  appl ied a la rge  varying 
disturbance to axis 2. J o i n t  2 was then 
cMnaande0 to move frm bottom oead center  w i f n  a 
step input. Th i s  performance rhous ser ious  
degradation caused by the disturbance for botn 
the adapting and nonada~t lng  cases. I n  Fig. 15 
the same test i s  plrfomed-rith me adapt lve PI0 
c o n t r o l l e r  and the error 1s d r m a t i c a l y  reduced. 

4- - 
joint-1 f o r  m i t i - a x i s  test case.  

-am ' 
9 8  1. 1 L8 3.8 r W I r l 4 . s  

Fig. 12. PO control  on joint-2 without Fr ic t ion  
comoensation. 

LE 1. a L e  L e  f ~ ~ r  1- & a  
r i g .  12 .  POF control  on foint-2 without Fr ic t ion  

Comoensation 

Fia. 14. PO control  o f  j o i n t - 2  w i t h  unbalanced 

The S A C  a lgor i  fhn was a1 so imolemented on the 
PUMA robot ic  manipulator. This  wort was done 
w i t h  the technical cooperation and support o f  the 
iest ingnouse Cormra t ion ,  Defense Systems Center, 
Ealtimore, Haryland, The objec t ive  was to 
determine i f  the p r o p e r t i e s  of coamercial qua l i ty  
systems, such a s  gear train backlash, would 
degrade the performance o f  me FWC a l g o r i t t n ,  
Many of the tests perfomad on me tta #w: device 
uere repeated us lq  me PUlu w i t h  v e r y  simllar 
resu l t s .  The motors o f  the PUWA operata mrougn 

weight. 
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very high gear r a t l o s  and m e r e f o r e  ma effects 
o f  f r f c t f o n  uere r c l a t f v a i y  -11. Hence. no 
f r i c t i o n  corpensrtion ws ncadcd. 
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Fig. 15. PY)F control o f  j o in t -2  with unbalance 

Fig. 16a shows the response o f  the WwA 3, axis 
wnen i t  matches a .707 of critically damped 
reference moaai. Fig. 16b skocrl the axis  
response to a S ~ D  com~and profi le without 
adaptive cont ro l ,  d e n  me fetdbdck g r i n s  a r e  set 
lor. f o r  t h i s  s t r a i g n t  o u t  and horizontal  
configuration o f  the manipulator.  ma resoonse i s  
m i c e  underdmmd and does not  match me model 
,,,all. I n  Fig. L6c the adaotfve c o n v o l  is 
e n a b l d  and the mSpOnS8 Converges to tha t  o f  tM 
model. In this case the a d a o a t t o n  grins,  0. 
have been i n t en t iona l ly  set Quite lou 30 that the 
changing system resoonse could be observed. The 
dddDfing pos i t ion  g r i n  i s  snoun in Fig. 17. Tha 
adaotivc gains could eas i ly  be adjusted so mat 
v i r ~ . l l y  no diffe+cnces between the system and 
the model can be seen * even on me first s u p .  
Fig. 18 snows the aaapt fng  ga ins  for S U C ~  a 
case. Here the i n i t i a l  pos i t i on  gain i s  lowered 
by a f ac to r  of nearly 6. By the first -11 boa 
gains me nearly a t  weir steady state values. 
S imi la r  resul ts have 5cen demonstrated for cases 
dwre  the i n i t i a l  fetdbdct ga ins  were set too 
hign. The gains e r e  reduced saoo th ly  and 
quickly. Otner cases  uere dona i n  which me 
manrpuiator adaoted for  changes in its 
configuration and payload. Payloads o f  uo to 
1Okg ware used vnich d r a s t i c a l l y  degraded me 
Performance of the system without adaofive 
cont ro l .  The feedback ga ins  uere lowered and 
r a i se4  by the adaotlve a l g o r i t h r ,  as rewired to 
match the system perfomanca to its mo6cl. 

am 1.8 2 a  3.9 Rha(wca 

ueignt. 

T h i s  paper has show, mat an adapt ive  control 
algorithm can s ign f i can t ly  improve the 
performance of robotic laanipul a t o r s  over that 
obtained using conventional cont ro l .  The 
experimental e s u l  ts demonstrate that the 
algorithm is p rac t i ca l  f o r  me control of 
comcrc ia l  qual i t y  wanipul a t o r s  w i  th re1 a t i v e l y  
modest control coawters. It has a1 54 btcn uum 
t h a t  diSulfbancKcS such as j o i n t  f r i c t i o n  and 
grav i ty ,  can degraded me performance o f  
manipulator systems and should 8a considered in 
the developlwnt of their cont ro l  systems. 
Resul t s  have bcan shorn *kith damonstrate fkrt 
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Fig. 16. Pu)(A response under adaptive and non- 
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Fia. 17 .  ?KIA slow ga in  adaotation. 
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Fig. 18. PUUA f a s t  gain adaptation. 

these dlttutbrnces can be etfectirety compensate4 - 
for ut lng  m integral rdrptlvr control rlgorlth.. L 
I t  has alsa sham thrt sl.rlrtlons can k am 
e t f u t l r r  ald In me design of  unlpulrtor $*:-f=1 
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controls wen they are used in  concert uith 
exgerimental studies and based on accurately 
measured system parameters. 
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